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FLIGHT INVESTIGATION OF THE ZERO-LIFT DRAG 
OF TWO RAM-JET MISSILE CONFIGURATIONS 
AT MACH NUMBERS FROM 1.00 TO 1.89 


By Clarence A. Brown, Jr., and Walter E. Bressette 
SUMMARY 


Flight tests using rocket-powered models were conducted to deter- 

5 mine the zero-1ift drag of two ram-jet missile configurations. The con- 
figurations that were tested were an underslung single-inlet ram-jet mis- 
sile configuration and & two-dimensional twin-inlet ram-jet missile con- 
figuration. The external-drag coefficient, based on the cylindrical | NN 
fuselage cross-sectional area, for the underslung single-inlet ram-jet = 
configuration had a gradual decrease from a value of 0.45 at a Mach num- © | 
ber of 1.00 to 0.38 at a Mach number of 1.60. The corresponding Reynolds 


numbers based on body length were 45 x 106 and 8 x 106, : The external- 
drag coefficient for the two-dimensional twin-inlet ram jet had & grad- 

M ual increase from a value of 0.48 at a Mach number of 1.10 to a peak of - 
0.56 at a Mach number of 1.37 and then varied smoothly to a value of 0.47 
at a Mach number of 1.89. The corresponding Reynolds numbers were 


56 x 10 ana 130 x 106. 


Qualitative comparison of the flight-test deta with data from a. 
twin-nacelle ram jet indicates no appreciable difference in the external- 
drag coefficient between the different installations of the ram-jet 
engines on the models of similar geometric size and volume. 


INTRODUCTION 


Recently there has been considerable interest in ram-jet engines 
and the drag of ram-jet configurations has become increasingly important. 
To determine the thrust requirements of a configuration, the drag charac- — 
teristics must be evaluated. | S: 


da, 
This paper presents the zero-lift external drag of an underslung , 
single-inlet ram-jet missile configuration and a two-dimensional T e ami 
`“ vais. Pg CUR 
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twin-inlet ram-jet missile configuration as obtained from the rocket- EE NE 
powered technique. The designs of these two ram-jet configurations were .  , .. 
independent of each other although the inlet areas, combustion areas, | E 
end exit areas of the two configurations were equal. The inlets of the | du gu 
two models differed in that the underslung single- -inlet—configuration "EA 
had a single diffuser located beneath and near the fuselage of the model m 
whereas the two-dimensional twin-inlet configuration had two diffusers 
located in the leading edges of the horizontal wings. For the two- 
dimensional ram jet, preliminary tests indicated that the pressure 
recovery would be sufficient for operation with this type of inlet. 


The Mach number range covered by the underslung single-inlet. ram- 
jet configuration was 1.00 to 1.60 and the Reynolds number, based on the 


total body length, varied from 45 x 10% to 8h x 10Ó. The Mach number DS 
range covered by the two-dimensional twin-inlet ram-jet-configuration 
was 1.10 to 1.89 and the Reynolds number, based on total body length, 


varied from 56 x 106 to 130 x 10°, - d nc op E baa 


SYMBOLS € DD 
Cp drag coefficient, Dreg ' 7 B m R 
2 normal-force coefficient, E c 
Sy cross-sectional area of cylindrical section of fuselage, sq ft 
Sy exposed wing area of model A, sq ft | 
Do duct exit pressure, lb/sq in. abs — 
Pp | base. pressure, lb/sq in. abs ELO du ase SB DE 
Po free-stream static pressure, lb/sq in. abs = Am ul Wee oe 
V velocity of model, ft/sec M cd CC or 


au codem E] 


(ecl de ille 
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ratio of specific heats (1.40) 


M Mach number 
q dynamic pressure, lb/sq ft 
R Reynolds number, TL 
i length of model, ft 
V kinematic viscosity, sq ft/sec 
A, free-stream tube area | TET 
Ay geometric entrance area (maximum capture area) of ram-jet inlet 
(model A, 0.0491 sq ft; model B, 0.0481 sq ft) 
As exit área of ram jet (model A, 0.0562 sq ft; 


model B, 0.0562 sq ft) 


APPARATUS AND METHODS 


Model Description 


Sketches of the rocket-powered models used in these tests are shown 
in figures l and 2. Photographs of the models are shown as figures 3 
and 4. The models were of composite wood-metal construction and a coating 
of Phenoplast (ref. 1) was applied to the wood to withstand the tempera- 
ture reached in flight due to &erodynamic heating. A E 


Each model was boosted to supersonic velocities by a solid-propellant 
rocket motor which delivered approximately 6,000 pounds of thrust for 
3.0 seconds. The underslung single-inlet configuration was launched at 
an angle of approximately 45% to the horizontal whereas the two-dimensional 
twin-inlet configuration was launched at an angle of approximately 60° 
to the horizontal. 


In the design of the two models, the total frontal area was kept to 
e minimum by submerging the ram-jet engine in the after part of each of 
the bodies. For the single-inlet ram jet, the total frontal area of the 
inlet plus fuselage was approximately 70 percent greater than the frontal 
area of the fuselage alone and, for the two-dimensional twin-inlet ram 
Jet, the total frontal area of the fuselage, inlet, and wing was approxi- 
mately 47 percent greater than the frontal area of the fuselage plus 
wing. The two models had single exits and the exit areas were equal. 


pum rea 
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The inlets of the models differed inasmuch as, in the cage of the under- _ 
slung single-inlet ram jet, the air entered the diffuser and was ducted - 
into the body of the model and out the single exit at the rear of the 
model. In the case of the two- dimensional twin-inlet ram jet, however, 
the air entered the two diffusers located in the leading. edges of the 
wing and was ducted into the body of the model and out the single exit 

at the rear of the model. 


Underslung single-inlet ram jet.- The body of model A had a maximum 
diameter of 5 inches with a fineness ratio of 18.04. The fuselage was 
cylindrical with a 5° semiangle conical nose and a blunt base. Canard 
surfaces were located on the nose cone of the model and the vertical © 
canard surfaces were positioned ahead of the horizontal canard surfaces 
(fig. 1). The canard surfaces were of-70% delta wing plan form and a  . 
hexagonal &irfoil section having a constant thickness ratio of h- percent. 
The maximum thickness extended from 45.6 percent chord to. 78.2 percent 
chord. The horizontal canard surfaces were deflected 20 to trim the model 
near zero lift. The horizontal wings were of 659 delta plen form with a 
modified hexagonal &irfoil section of constant thickness corresponding to 
a thickness ratio of 2.3 percent at the wing-body juncture." The maximum 
thickness at the wing-body juncture extended from 19.2 percent chord to 
83.9 percent chord. The horizontal wing differed from & true delta wing 
by sweeping forward the trailing edge of the wing tip. The vertical  . 
wings were of 65% delta plan form with a hexagonal airfoil section with | 
a constant thickness ratio of 3.68 percent. The maximum thickness 
extended from 39 percent chord to 61 percent chord. The single ram jet 
was underslung and both the fuselage and diffuser were canted to reduce 
the length of the forward séction of the ram Jet. A sectional view of 
the fuselage-duct intersection is shown in figure 5. A fillet. was posi- 
tioned ahead of the fuselage-duct intersection in an attempt to reduce 
the drag (fig. 5). The internal geometry of the diffuser and location 
of the orifices for measuring the duct and base pressure are also shown 
in figure 5. The duct static pressure was taken in six places around 
the inside of the duct and manifolded together whereas the base pressure 
. was taken in six places around the base of the duct and manifolded | 
together. A restriction was placed near the end of the duct so that 
sonic velocity would be present at the exit of ‘the duct at supersonic 
Speed. 


Two-dimensional twin-inlet ram-jet.- The body of model B had a maxi- 
mum diameter of 5 inches with a fineness ratio of 24.70. The fuselage 


was cylindrical with a h.19 semiangle conical nose and a blunt base 

(fig. 2). The vertical wing of model. B was of rectangular plan form with . 
a modified hexagonal section and the leading and trailing edges swept 

back 459°. The maximum thickness ratio of 1.85 percent at the wing-body 
juncture extended from 10.4 percent chord to 88.9 percent chord. The " 
vertical wing of model B. had a thickness ratio that varied from 1.85 per- 
cent at the wing-body juncture to O percent at the wing tip. The 
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horizontal wing was of rectangular plan form with the two-dimensional 
inlets located in the leading edges (fig. 6). In order to accommodate 
the two-dimensional inlets in the leading edges of the horizontal wing, 
the thickness of the wing was increased to five times the thickness of 
the vertical wing at the wing-body juncture. A ramp-type fillet was 
positioned between the body and the inlet to keep the boundary layer of 
the body from entering the inlet (fig. 6). Figure 6 shows the internal ` 
geometry of the two-dimensional twin-inlets and: locations of the mani- 
folded total-pressure rake used in measuring the total pressure at the 
sonic exit. Turning vanes in the ducts, which would be required to main- 
tain good recovery, were considered irrelevant to this drag model and 
were, therefore, not included. Also shown in figure 6 is the location _ 
of the base-pressure orifice. The two inlets contained protruding wedges 
that had a total angle of 24°. This wedge angle was selected so that at 
a design speed of M = 1.80 the pressure recovery would be near optimum. i 
The wedges protruded forward a distance which would cause the oblique | 22 4 
shock wave to intercept the entrance at the design Mach number. x id 


-- p- 


Instrumentation "ETT 


Model A was equipped with & four-channel telemeter which transmitted 
a continuous record of normal and longitudinal accelerations and base 
and duct pressures.  The.base pressure was taken on the base of the duct 
whereas the duct exit pressure was taken inside and near the rear end of 
the duct (fig. 5). 


Model B was equipped with & four-channel telemeter which transmitted 
a continuous record of longitudinal (two ranges) acceleration, & mani- 
folded total pressure in the duct, and base pressure. Internal pressure 
was measured by the manifolded total-pressure rake located near the end 
of the duct whereas base-pressure measurements were made at the rear of 
the duct as shown in figure 6. 


Velocity was obtained from CW Doppler radar and by integration of 
the data from the longitudinal accelerometers. Trajectory and atmos- 
pheric data were obtained from a tracking radar unit and by radiosonde 
observation. 


Method of Analysis Les 


In order to. find the external drag of the configuration, the total P 
drag of the model was measured and the contribution of the internal drag 
of the ducts and base drag of the model were subtracted. Total drag was 
obtained during the coasting flight of the models by reduction of the 
accelerometer record. 


quU 
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Reference 2 gives &n analysis of the method used in determining the. 
internal drag. The internal drag of the ducts for models A and B was 
obtained using the one-dimensional-flow SREDNI: applied to the momentum- 
theorem equation as follows: 


Internal drag = pgAo + p A, 7M_É - poto (1 + uo?) 


where pg Was obtained from radiosonde deta for models A and Bj Po 


was obtained from manifolded static-pressure pickup near the duct exit 
for model A and, for model B, Po was calculated from the manifolded . 
total-pressure readings taken near the exit of the duct assuming Mp = E, 
(ref. 3); M, was obtained from the CW Doppler radar and radiosonde data 


for both models A and B; Mo is assumed to be sonic when the base pres- 


sure is less than the internal exit pressure for both models A and B... 
For both models A and B the ratio of the free-stream tube area to the 
geometric entrance area was calculated from one-dimensional-flow theory 
(ref. 2). 


The restriction at the exit of the duct resulted in a base area that  . 


would not be present in an actual ram jet; therefore, the drag of the | 
base had to be subtracted from the total model drag. The base drag of 
the models tested was calculated from the basé-pressure measurements. 


Accuracy 
The accuracy of the results, considering possible cumulative errors a 


in radar and telemeter data, is believed to be within the limits listed 
below: 


Mo percente EUA dm AAA Aa 2 
Cp . . . e . e . a . L e . . a a a . s s e . e . s e . è . . e . E 0 . 03 
CN. * a a e e . a a * * * * e a 4 * a a a » LJ s 6 + 5 . * L] +0 006 


RESULTS AND DISCUSSION 


The range of the tests is shown in figure 7 as a plot of Reynolds 
number variation with Mach number for both models. A plot of the ratio 
of the model base pressure to the pressure.in the duct exit with Mach 
number is presented in figure 8. As may be seen in figure 8, the pres- 


Sure ratio for model A was less than 1 throughout the test range, whereas . 


for model B the pressure ratio was less than 1 above a Mach number of 1.10, 


. SER =. 
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which shows both models to have a sonic exit through the Mach number 
range investigated. | 


The trim characteristics of model A are shown in figure 9 as the 
variation of the normal-force coefficient, obtained from the normal 
accelerometer located at the model center of gravity, with Mach number. 
Model A was an asymmetric configuration and the positive 20 fixed inci- 
dence of the horizontal canard surface was adequate to trim the model 
near zero lift. 


The zero-lift drag characteristics for the single-inlet ram-jet mis- 
sile configuration (model A) are presented in figure 10 as the variation 
of the coefficient of the total model drag, internal duct drag, base 
drag, and external model drag with Mach number. As may be noted in fig- 
ure 10, the external-model-drag coefficient varied smoothly from a peak 
value of 0.45 at a Mach number of 1.00 to 0.38 at a Mach number of 1.60 
and was approximately 55 to 60 percent of the total model drag through- 
out the Mach number range investigated. 


For model A the calculated free-stream tube area is equal to the 
entrance area of the inlet and therefore the mass-flow ratio of the inlet 
is equal to l. 


The zero-lift drag characteristics for the two-dimensional twin- 
inlet ram-jet missile configuration (model B) is presented in figure 11 
as the variation of the coefficient of the total model drag, internal 
duct drag, base drag, and external model drag with Mach number. The 
external-model-drag coefficient had a gradual rise from a value of 0.48 
at a Mach number of 1.10 to a peak of 0.56 at a Mach number of 1.37 and 
then varied smoothly to a value of O.47 at a Mach number of 1.89. The 
external model drag of model B varied from 55 to 6T percent of the total 
model drag throughout the Mach number range investigated. 


Presented in figure 12 is the variation of the ratio of the free- 
stream tube area to the geometric entrance area with Mach number. As 
will be noted in figure 12, the free-stream tube area varied from 95 per- 
cent at a Mach number of 1.89 to 76 percent at a Mach number of 1.10. 
This change in free-stream tube area was caused by the deflection of the 
air flow behind oblique shock waves from the leading edge of the wedges. 
At a Mach number of 1.80, the design Mach number of the inlet, the free- 
stream tube area was not equal to the geometric entrance area as would 
have been expected. The wedges were constructed so that the ends did 
not protrude outside the inlet entrance and expansion waves from the tips 
entered the inlet at all supersonic Mach numbers tested. These expan- 
sion waves would cause spillage at the end of the wedges. This spillage. 
would prevent the free-stream tube area from reaching e maximum value 
for a two-dimensional wedge at any Mach number. 
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Presented in figure 13 is the variation of the external-drag coeffi- 
cient with Mach number of model A, model B, and a twin-nacelle ram- ¿jet 
configuration (ref. 4). A correct comparative evaluation of the drag 
of.the three configurstions cannot be made from the results presented 
in figure 13 alone because of the difference in geometry exclusive of 
the ram-jet installations. Consequently, in order to evaluate the 
external drag with respect to the type of ram-jet geometry, it was neces- 


sary to make the following adjustments analytically so as to obtain & com- 


parison on the basis of model B: (a) engine cross-sectional areas equal, 
(b) equal useful volumes, (c) equal wing areas, (d) equal nose cone 


angles, (e) mo canards, and (f) including the additive drag of the open i 


nose inlet. 


Shown in figure lh is the external drag of the configurations where 


the experimentally obtained drag was corrected so that an evaluation of 
the drag may be made on a more comparative basis. The details of the 
method of correcting in order that this comparison could be made are as . 
follows. The external-drag coefficient of reference 4 was corrected to 
give the external-drag coefficient shown in figure 14. This external- 
drag coefficient was obtained by reducing the size of the nacelle units 
and assuming that the drag of these nacelle units is reduced proportion- 
ally as the cross-sectional area of the ram-jet engines is reduced. 
This reduction in size of the nacelle units (26.5 percent) was necessary 
so that the sum of the cross-sectional areas of the two engines would be 
equal to the engine cross-sectional area of model Aor B. The external- 
drag coefficient of model A (fig. 14) was obtained by calculating the 
decrease in drag due to the removal of the canards (ref. 5), the decrease 
in the drag due to the difference in cone angle, the increase in drag 
due to the additional wing area needed to make the wing areas equal 
(refs. 5 and 6), the increase in drag due to the skin-friction drag of 
the additional 33.3 inches of body length (ref. 6), and the increase-in 
drag due to the additive drag of the inlet. Since model A had an open- 
nose inlet it was necessary to replace this inlet with-the 40° annular- 
nose inlet of reference 4. The additive drag for the 40° annular-nose 
inlet was calculated by the method presented in reference T. Model B, 
as shown in figure 14, has had no corrections applied to it. 


From a qualitative comparison of the external-drag coefficient of 
the underslung single-inlet ram jet, the two-dimensional twin-inlet ram 
Jet, and the twin-nacelle ram jet, no appreciable difference in the 
external-drag coefficient could be noted between the different installa- 
tions of the ram jets on the models of similar geometric size and volume. 
The external-drag coefficient of the configurations could change greatly 
with changes in details of the configurations such as inlet surface 
angle, position of inlets, mass-flow ratio of the duct, and others. . 


It can be shown that a gross thrust coefficient of 0.85, based on 
a 5-inch-diameter body, which is greater than any value of external-drag 
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coefficient for the configurations presented in figure 14, can be cal- 
culated for the ram-jet engines. This thrust coefficient was calculated 
for an altitude of 35,000 feet and'a Mach number of 1,80, assuming a 
diffuser recovery of 87.5 percent and a combustion chamber loss of 4q. 
This calculated gross thrust coefficient of 0.05 wi11 be more than ade- 
quate to accelerate each of the models presented in figure 14, 


CONCLUSIONS 


Flight tests were conducted to determine the zero-lift external 

drag of an underslung single-inlet ram-jet missile configuration and a 
two-dimensional twin-inlet ram-jet missile configuration, each with one 
exit of equal geometric areas. The external-drag coefficient, based on 
the cylindrical fuselage cross-sectional area, for the underslung single- 
inlet ram jet varied smoothly from a peak value of 0.45 at a Mach number 
of 1.00 to 0.38 at a Mach number of 1.60. The positive 2° fixed inci- 
dence of the horizontal canard surfaces was adequate to trim the model . 
near zero-lift throughout the Mach number range investigated. 


THe external-drag coefficient, based on the cylindrical fuselage 
cross-sectional area, for the two-dimensional twin-inlet ram jet had a 
gradual increase from a value of 0.48 at a Mach number of 1.10 to a peak 
of 0.56 at a Mach number of 1.37 and then varied smoothly to a value of 
O.hT gt a Mach number of 1.89. 


Qualitative comparison of the external-drag coefficient of the 
underslung single-inlet ram jet, the two-dimensional twin-inlet ram jet, 
end a twin-nacelle ram jet indicates no appreciable difference in the 
external-drag coefficient between the different installations of the 
ram-jet engines on the models of similar geometric size and volume. 
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Horizontal exposed wing area = 109.7 sq in. 
Horizontal exposed canard orea= 15,1 sq in. 
90.6 sq in 
9.7 sqin. 


Vertical exposed wing area 
Vertical exposed canard area 


Plon view 


Side view 


Figure 1.- Sketch of model A. All dimensions in inches, 
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Horizontal exposed wing area = 174.5 sq in 
Vertical exposed fin area = 162,0 sq in. 


Plan view - 9315 


Figure 2.- Sketch of model B. All dimensions in inches. 
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Plan view 


Figure 3,- Photographs of model A. 
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Side view 


Plan view 


Figure h.- Photographs of model B. L”70991 
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“«——Fuselage Entrance area of rom-jet inlet « 0.049 sq ft. 
a. Exit area of ram- jet = 0.056 sq ft. 
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Figure 5.- Internal geometry of inlet and sectional view of fuselage- 
duct intersection for model A. All dimensions in inches. 
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| | Section AA 
Entrance oreo of ram-jet Inlet = 0.048 sq ft. 
Exit area of ram-jet - 0.056 sq ft. 


Figure 6.- Internal geometry of two-dimensional inlet for model B. i 
All. dimensions in inches. 
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Figure {.- Variation of Reynolds number with Mach number for models 
tested, based on body length. 
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Figure 0.- Variation of the ratio of base pressure to duct exit pressure 
with Mach number for models tested. 
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Figure 9.- Normal-force coefficient variation with Mach number for 
model À, based on exposed wing area. 
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Figure 10.- Drag coefficient variation of total model drag, internal 
duct drag, base drag, and external model drag with Mach number for 
Model À, based on fuselage cross-sectional area, 
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Figure li.- Dray coefficient variation of total model drag, internal 


duct drag, base drag, and external model drag with Mach number for. 


model B, based on fuselage cross-sectional area. 
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Figure 12.- Ratio of free-stream tube area to geometric entrance area 
variation with Mach number for model B. 
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Reference 4 with corrections 


A 
E 
Es 
99 
Xl n 
Hg 
m A 
Ho 
HE 
a q 
Q 4 
O 
S E 
Sa 
da 
ri r4 
E 
T 


Figure 1h.- Variation of the externa 
of model A with corrections 
reference 4 with correctio 
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